The long-term performance of a bioaugmented membrane bioreactor (MBR) containing a GAC-2 packed anaerobic zone for treatment of textile wastewater containing structurally different azo dyes 3 was observed. A unique feeding strategy, consistent with the mode of evolution of separate waste 4 streams in textile plants, was adopted to make the best use of the GAC-zone for dye removal. Dye 5 was introduced through the GAC-zone while the rest of the colorless media was simultaneously fed 6 through the aerobic zone. Preliminary experiments confirmed the importance of coupling the GAC-7 amended anaerobic zone to the aerobic MBR and also evidenced the efficacy of the adopted 8 feeding strategy. Following this, the robustness of the process under gradually increasing dye-9 loading was tested. The respective average dye concentrations (mg/L) in the sample from GAC-10 zone and the membrane-permeate under dye-loadings of 0.1 and 1 g/L.d were as follows: GAC-11 zone (3, 105), permeate (0, 5). TOC concentration in membrane-permeate for the aforementioned 12 loadings were 3 and 54 mg/L, respectively. Stable decoloration along with significant TOC 13 removal during a period of over 7 months under extremely high dye-loadings demonstrated the 14 superiority of the proposed hybrid process. 15 16
Introduction

21
Textile wastewater is a complex and highly variable mixture of many polluting substances 22 including dye (Robinson et al., 2001 ). Azo dyes make up the majority (60-70%) of the dyes applied 23 in textile processing industries (Hunger et al., 2004) . Several physicochemical decoloration 24 techniques have been reported in the literature (e.g. adsorption, membrane separation, advanced 25 oxidation process); none, however, has appeared as a panacea due to high cost, low efficiency and 26 limited versatility (Hai et al., 2007) . Biodegradation is an environmentally friendly and cost 27 competitive alternative. However, azo dyes are xenobiotic compounds and due to their electron 28 withdrawing nature, they tend to persist under aerobic environment (Knackmuss, 1996) Therefore, it is desirable to immobilize the redox mediator in the bioreactor. Activated carbon (AC) 40 adsorption has long been used as the polishing decoloration step in the industry (Rozzi et al., 1999) . It is, however, noteworthy that the formation of highly toxic aromatic amines during anaerobic azo 47 dye decoloration renders a polishing aerobic step a must (van der Zee and Villaverde, 2005; You et 48 al., 2010). The above mentioned studies exploring BAC process address only a part (i.e., 49 decoloration) of the complex issue of textile wastewater management. In this context it is 50 interesting to note that unlike bacterial activated sludge process, aerobic white-rot fungi can 51 degrade wide varieties of recalcitrant compounds including textile dyes (Fu and Viraraghavan,2001 ). In fact we previously developed a membrane bioreactor (MBR) implementing a mixed 53 microbial community dominated by white-rot fungi, and demonstrated improved color as well as 54 total organic carbon (TOC) removal as compared to conventional MBR (Hai et al., 2006; Hai et al., 55 2008b ). An MBR was utilized as its several characteristics, such as membrane interception and 56 long sludge retention time, help to prevent washout of the bioaugmented inoculants. We also 57 demonstrated that direct addition of powdered activated carbon (PAC) into the bioaugmented 58 aerobic MBR brings about added advantages including co-adsorption of dye and enzyme onto 59 activated carbon and subsequent enzymatic dye degradation (Hai et al., 2008b) . The dye loading 60 rate in that study, however, was rather limited. We envisaged that the integration of an activated 61 carbon-catalyzed anaerobic reactor and aerobic bioaugmented MBR may enable high rate 62 decoloration and TOC removal. 63
64
In order to develop a high rate decoloration and TOC removal process, this study explored an 65 innovative MBR with a granular activated carbon (GAC)-packed anaerobic zone beneath the main 66 aerobic zone which contained the membrane module and a mixed microbial community of fungi 67 and bacteria. It was expected that following the primary anaerobic decoloration in the GAC-packed 68 zone, the completion of color and organics removal would be accomplished in the membrane-69 coupled aerobic zone. Furthermore, a unique wastewater feeding strategy, consistent with the mode 70 of evolution of separate waste streams in textile plants, was adopted in this study. This article 71 reports the effect of such feeding mode and the long-term overall treatment performance of the 72 explored scheme. This is the first report on excellent dye removal performance under very high dye 73 loading with such a membrane-based hybrid process. secretion under nutrient sufficient condition (Laugero et al., 1996) are also available. It was 83 confirmed that the collected strain was capable of secreting laccase enzyme in nutrient sufficient 84 media (Hai et al., 2008b) . Therefore, a nutrient-sufficient synthetic wastewater containing dye and 85 starch (2 g/L)-two common components in real textile wastewater-along with urea (0.1 g/L) and 86 other nutrients, was utilized in this study. Details regarding the media have been documented 87 elsewhere (Hai et al., 2008) . For the first 210 days of continuous operation only the azo dye acid 88 orange II was utilized; while for the rest of the operation period all four dyes as listed in Table 1  89 were fed into the reactor. 90
Design and feeding mode of the bioreactor
91
A laboratory-scale, cylindrical PVC reactor (Diameter = 6.7 cm, Height = 24 cm)-with a working 92 volume of 0.85 L and containing a GAC-packed anaerobic zone beneath the main aerobic zone-93 was operated under a total hydraulic retention time (HRT) of 1 day (Figure 1) . The performance of 94 the MBR was first observed without any GAC-zone. Then the amount of GAC was gradually 95 increased from 0 to 30 gm to 60 gm and finally to 120 gm. The corresponding heights of the 96 aerobic zone were 21, 18 and 12 cm, respectively. GAC F400-OS (average particle size 1.1 mm) 97 received from Calgon Mitsubishi Chemical Corporation, Japan was utilized in this study. The GAC 98 was always washed with Milli-Q water to remove very fine particles and wetted for 24h before use. 99
In order to avoid the influence of initial dye adsorption, GAC was saturated with dye before 100 addition to the reactor. This was done by pumping through the wetted GAC an amount of dye 101 equivalent to five times the maximum dye adsorption capacity of GAC as estimated by an 102 adsorption isotherm (not shown). Initially, saturated GAC was mixed with partially digested sludge 103 (collected from a long time operated bioaugmented MBR), added into the reactor as slurry and 104 allowed to settle. The aerobic zone, on the other hand, was initially inoculated with pure fungus 105 culture; however, bacterial contamination occurred in absence of any specific means to avoid that, 106 and eventually a stable combined culture of bacteria (40%) and fungi (60%) was obtained in line 107 with a previous study (Hai et al., 2008b) . No sludge was withdrawn from the MBRs and no further 108 addition of fresh fungal culture into the MBR was required to maintain fungal dominance. At the 109 time of increasing the amount of GAC in the aerobic zone, the air-diffuser of the reactor was lifted 110 up to allow settling of certain amount of sludge and then a certain amount of GAC was added. The 111 GAC zone was firm enough not to float and a fairly clear demarcation of the two zones was 112 possible. 113
Unlike the nutrient-deficient hardly-biodegradable dye bath effluent, different other streams of 114 wastewater in a textile mill, namely, scouring and desizing-effluent, usually contain high 115 concentrations of relatively easily degradable organics. Instead of mixing the different streams 116 originating from a textile plant, efficient use of GAC exclusively for dye adsorption may be madeby feeding only the dye effluent through GAC. In our study, all the dye along with a small amount 118 of starch (to sustain biological activity in this zone) was fed through the GAC zone. Same volume 119 of the media-containing rest of the components and representing the effluent from units other than 120 dye bath within a textile plant-was simultaneously fed from the top of the reactor. The overall 121 dye-loading was step-wise increased from 0.1 to 1 g/ L.d. Before that, however, the performance of 122 the MBR was observed while feeding the mixed wastewater (containing all the components 123 including dye) through the GAC zone, or simultaneously through aerobic and GAC zone, in order 124 to assess the benefit of the feeding strategy explored in this study. The pH of the wastewater was 125 4.5, while continuous monitoring revealed the maintenance of a pH of 6±0.5 in the bioreactor 126 without any specific control. The experimental plan has been detailed in Table 1 . A control MBR 127 with the same design and feeding mode, as in 'C' in Table 1, except that it contained an anaerobic 128 sludge bed devoid of GAC, was operated in order to assess the performance of the anaerobic zone 129 with/without GAC. 130 
Membrane module
Importance of coupling GAC-zone to bioaugmented MBR
168
When the wastewater with a dye loading of 0.1 g/L.d was fed to the aerobic bioaugmented-MBR 169 having no GAC-zone, the dye concentration in the membrane-permeate was 12 mg/L ( Table 2) . 170
After adding dye-saturated GAC (initial weight 30 gm), and passing dye through this zone (while 171 introducing the rest of the media through the aerobic zone) dye in the treated effluent dropped to 1 172 mg/L only, the corresponding concentration in sample from GAC-zone being 26 mg/L. The dye 173 concentration in the sample from GAC-zone gradually dropped as the amount of GAC was 174 increased (30-120 gm). ORP and DO measurements confirmed that due to vigorous aeration in the 175 aerobic zone at the top, anaerobic environment was not completely established in the GAC-zone 176 when the GAC weight was less than 120 gm. Our observation confirms that, with the GAC-packed 177 anaerobic zone, an excellent overall decoloration can be achieved in the bioaugmented-MBR; 178 however, in order to establish anaerobic environment, a certain height of that zone needs to be 179 maintained. 180
Effect of adopted feeding mode
181
Separate wastewater-streams originate from different plants in a textile mill (Hai et al., 2007) . If 182 those streams are mixed and fed through GAC, many other compounds, in addition to dye, in that 183 mixed textile effluent can adsorb on GAC (Hai et al., 2007; Hao et al., 1999) . To make the best use 184 of the GAC-zone exclusively for dye decoloration, we adopted a unique feeding strategy of passing 185 dye (along with a certain amount of easily degradable organics) through GAC, while 186 simultaneously introducing the rest of the uncolored effluent through the aerobic zone. In order to 187 confirm the efficacy of the proposed feeding strategy, the performance of the MBR was observed 188 under three distinct feeding modes as shown in 
Long-term performance under stepwise increased dye-loading
205
Although the total HRT utilized in this study was longer than that used in conventional MBRs, a 206 logical way of assessing the reactor performance can be to look at the loading rate. As the dye 207 loading was stepwise increased from 0.1 to 0.25, 0.5 and finally to 1.0 g/L.d, respectively over an 208 operation period of 7 months, the reactor maintained excellent decoloration (Figure 3 Table 3 ). This observation confirmed that following the initial 231 anaerobic decoloration the bioaugmented culture in the aerobic zone played an important role to 232 improve color removal, and, finally, the membrane contributed to moderate additional removal. 233
Since a microfiltration membrane, which is unable to retain soluble dye by its own, was utilized in 234 this study, the additional dye removal by the membrane can be attributed to the dye retention onto 235 the cake-layer accumulated over the membrane. Such additional removal of dye by membrane in 236 MBR is in line with previous reports (Hai et al., 2009 ). It is worth-noting here that, in conventional 237 sequential anaerobic-aerobic processes the aerobic stage contributes mainly to organics removal 238 and rarely to decoloration (van der Zee and Villaverde, 2005). However, in our study, which 239 involved a mixed microbial community dominated by fungi, the aerobic stage contributed 240 significantly to decoloration as well. The importance of combining bioaugmented MBR (in contrast 241 to conventional MBR) with GAC-catalyzed anaerobic process lies herein. 242
243
It is also notable from the data in Table 3 that that the reactor with a GAC-packed anaerobic zone 244 outperformed the one with sludge-only anaerobic zone, confirming the importance of presence of 245 GAC in the anaerobic zone. GAC-packed anaerobic zone and the bioaugmented aerobic zone are 246 therefore essential to form an efficient color removal process. However, in contrary to the stable decoloration over all the dye-loadings, the total organics removal 257 (especially that of TOC) deteriorated to some extent under the higher dye-loadings (Figure 4 , 258 Table 3 ). Although the contribution of dye to TOC and TN was rather low for a dye-loading of 0.1, 259 over a 50% increase in overall TOC-loading occurred when the dye-loading was raised to 1 g/L.d 260 (Table 1) . Increased loading on the aerobic zone may have caused the observed moderate decline 261 in TOC removal rate. Nevertheless, it should be mentioned that, even under the highest loading, the 262 average TOC and TN in the membrane permeate was only 54 and 21 mg/L, respectively 263 corresponding to over 96% TOC removal. 264
Performance with structurally different dyes
265
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